BACKGROUND: It is unclear whether circulating insulin or glucose levels are associated with increased risk of colorectal cancer. Few prospective studies have examined this question, and only one study had repeated measurements. METHODS: We conducted a prospective study of colorectal cancer risk using the subsample of women in the Women's Health Initiative study whose fasting blood samples, collected at baseline and during follow-up, were analysed for insulin and glucose. Cox proportional hazards models were used to assess associations with colorectal cancer risk in both baseline and time-dependent covariates analyses. RESULTS: Among 4902 non-diabetic women with baseline fasting serum insulin and glucose values, 81 incident cases of colorectal cancer were identified over 12 years of follow-up. Baseline glucose levels were positively associated with colorectal cancer and colon cancer risk : multivariable-adjusted hazard ratio (HR) comparing the highest (X99.5 mg dl À1 ) with the lowest tertile (o89.5 mg dl À1 ): 1.74, 95% confidence interval (CI) 0.97 -3.15 and 2.25, 95% CI: 1.12 -4.51, respectively. Serum insulin and homeostasis model assessment were not associated with risk. Analyses of repeated measurements supported the baseline results. CONCLUSION: These data suggest that elevated serum glucose levels may be a risk factor for colorectal cancer in postmenopausal women.
Obesity, diabetes, and physical inactivity show consistent positive associations with risk of colorectal cancer (Moghaddam et al, 2007; Huxley et al, 2009; Ning et al, 2010) . They are also major determinants of insulin resistance, hyperinsulinaemia, hyperglycaemia, and the metabolic syndrome (McKeown-Eyssen, 1994; Giovannucci, 1995) . Insulin has long been regarded as a possible mediator of the effects of obesity and physical inactivity on colorectal cancer risk (McKeown-Eyssen, 1994; Giovannucci, 1995; Strickler et al, 2001) , since, in addition to its role in metabolism, insulin has mitogenic and anti-apoptotic activity (Koenuma et al, 1989; Bjork et al, 1993; Wu et al, 1995; Bruce and Corpet, 1996) . Higher insulin levels may also increase the bioavailability of insulin-like growth factor-1 (IGF-1), a related mitogen that has been associated with increased risk of other cancers (Werner and LeRoith, 1996) . Further, high glucose levels may increase colorectal cancer risk independently of insulin either by favouring the selection of malignant clones (Warburg, 1956) or by acting as a direct source of energy for neoplastic cells (McKeown-Eyssen, 1994) .
Epidemiologic studies that have examined the association of colorectal cancer with circulating insulin and/or glucose levels have yielded conflicting results (Yamada et al, 1998; Schoen et al, 1999; Nilsen and Vatten, 2001; Trevisan et al, 2001; Palmqvist et al, 2003; Saydah et al, 2003; Jee et al, 2005; Tsushima et al, 2005; Limburg et al, 2006; Gunter et al, 2008; Stocks et al, 2011) . Findings of studies that measured glycosylated haemoglobin (Saydah et al, 2003; Wei et al, 2005) or blood levels of C-peptide (Kaaks et al, 2000; Ma et al, 2004; Wei et al, 2005; Jenab et al, 2007; Otani et al, 2007) , markers of glucose control and insulin production, respectively, have also been inconsistent. The inconsistent results may in part reflect differences in study design, age, and sex distributions of the populations studied, whether fasting blood samples were obtained, as well as the reliance in all but one study (Stocks et al, 2011 ) on a single, baseline, measurement of the study factors.
Therefore, we conducted a longitudinal study of colorectal cancer risk in which fasting serum insulin and glucose levels were measured at baseline and during follow-up in a subsample of participants in the Women's Health Initiative (WHI) clinical trials (CTs) and observational study (OS).
MATERIALS AND METHODS

Study population
The WHI is a large, prospective, multi-center study of factors affecting the health of postmenopausal women. It includes an OS (N ¼ 93 676) and CTs (N ¼ 68 132) of hormone therapy, dietary modification (low-fat dietary intervention), and calcium plus vitamin D supplementation (The Women's Health Initiative Study Group, 1998) . Subjects were recruited between 1 October 1993 and 31 December 1998 at 40 clinical centres throughout the United States, largely through direct mailings. The eligibility requirements for the study included being postmenopausal, age between 50 and 79 years, a high likelihood of residing in the same residence for at least 3 additional years, and having provided written informed consent. The CTs had a number of additional eligibility requirements (Chlebowski et al, 2005) . In general, eligible women were first invited to enroll in the CT component. Women who did not wish to be randomly assigned to an intervention or who were ineligible for the CT component were then invited to participate in the OS.
The present analysis is based on a 6% random sample of women in the CTs (N ¼ 4544) and a 1% sample of women in the OS (N ¼ 1062). All WHI participants had provided a fasting blood sample at baseline. Women in the 6% subsample additionally provided fasting blood samples at years 1, 3, and 6 of follow-up, and women in the 1% sample of women in the OS additionally provided fasting blood samples in year 3 (Howard et al, 2004) . The 6% random sample was stratified by age, clinical centre, and hysterectomy status, with oversampling of minority groups to increase the numbers of Black, Hispanic, and Asian-Pacific women. All protocols and procedures were approved by Institutional Review Boards at participating institutions, and written informed consent was obtained from all participants. Of the 5606 women with blood samples, 5476 had a baseline glucose value and 5312 of these also had a baseline insulin value and were included in the present analysis (1059 from the OS and 4417 from the CT). We excluded from the analysis women who at baseline either had a diagnosis of diabetes, were taking diabetes medication, or who had a fasting blood glucose of X126 mg dl À1 (8 cases and 556 noncases), leaving 81 cases and 4821 non-cases for analysis.
Of the 5312 women with a baseline insulin measurement, the numbers with measurements during follow-up were 3480 (65.5%-year 1), 3049 (57.4%-year 3), and 2976 (56.0%-year 6). Of the 5476 women with a baseline glucose measurement, the numbers with measurements during follow-up were 3587 (65.5%-year 1), 3227 (58.9%-year 3), and 2980 (54.4%-year 6). The proportions were similar for different blood draws among cases and non-cases.
Case ascertainment
Cancer outcomes were initially ascertained through either selfadministered questionnaires at semi-annual visits (CTs) or through questionnaires that were mailed annually (OS). Potential cases were then confirmed by centralised review of pathology reports, discharge summaries, operative and radiology reports, and tumour registry abstracts by trained medical adjudicators. After the end of CT period (2005) , outcomes in all women were identified on an annual basis by mailed questionnaires. The rate of confirmation of locally adjudicated outcomes by central adjudication was 94% for colorectal cancer (Curb et al, 2003) .
Laboratory methods
Fasting blood samples were collected with minimal stasis and maintained at 4 1C until plasma/serum was separated. Plasma/ serum aliquots were then frozen at À70 1C and sent on dry ice to the central repository (Fisher BioServices, Rockville, MD, USA), where storage at À70 1C was maintained. In the CT, serum samples used for the insulin and glucose measurements went through one freeze/thaw cycle, while those from the OS went through at least two cycles. Since analyses were stratified on participation in the OS vs the CTs, samples of cases and non-cases within each cohort underwent similar processing. Serum glucose was measured using the hexokinase method on the Hitachi 747 (Boehringer Mannheim Diagnostics, Indianapolis, IN, USA) (Peterson and Young, 1968; Bergmeyer, 1974) . Monthly inter-assay coefficients of variation (CV) were o2% for mean concentrations of 84 and 301 mg dl À1 . Serum insulin was measured in a step-wise sandwich ELISA procedure on an ES 300 (BMD; Tietz, 1987) . Monthly inter-assay CV were 4.7 -9.5% and 3.2 -7.9% at mean concentrations of 26.6 and 80.6 mIU ml À1 , respectively.
Statistical analysis
Cox proportional hazards models were used to estimate hazard ratios (HRs) and 95% confidence intervals (95% CIs) for the associations of serum insulin and glucose with risk of colorectal cancer, with duration of follow-up (days) as the time scale. For these analyses, study participants were considered to be at risk from their date of enrollment until the date of diagnosis of their colorectal cancer, termination of follow-up (30 September 2010), loss to follow-up, withdrawal from the study, or death, whichever occurred first. Event times of participants who had not developed colorectal cancer by the end of follow-up, who had died, or who had withdrawn from the study before the end of follow-up, were censored. We estimated the risk of colorectal cancer in association with baseline insulin and glucose levels, and with a measure of insulin resistance, the homeostasis model assessment-insulin resistance (HOMA-IR) index ((fasting insulin (mIU ml À1 ) Â fasting glucose (mg dl À1 ))/22.5) (Matthews et al, 1985) . Tertiles of the three exposure variables were created based on their distribution in the 4902 subjects with insulin and glucose measurements and without diabetes. To increase the statistical power, we also used the continuous variables to estimate the HR per 1 mg dl À1 of insulin and glucose and per unit of HOMA-IR. Age-adjusted and multivariable-adjusted HRs and 95% CIs were computed. Covariates were selected for inclusion in the multivariate analysis if their addition to the model changed the parameter estimate of the study variables by 410%. The covariates included in the final model were age (years-continuous), body mass index (kg m À2 -continuous), alcohol intake (drinks per week-continuous), physical activity (MET-hours per week-continuous), family history of colorectal cancer (no, yes), and ethnicity (white, black, other). In addition, dummy variables for participation in the OS or specific treatment arm of one of the CTs were included in all models. We carried out stratified analyses by stratifying BMI and physical activity at their median values (27.76 kg m À2 and 5.75 MET-hour per week, respectively) and treating glucose and insulin as continuous variables. Tests for trend were performed by assigning the median value to each category and modelling this variable as a continuous variable.
To minimise the possibility that observed associations were due the influence of the presence of preclinical disease on the exposure variables of interest, we carried out a sensitivity analysis by excluding cases diagnosed during the first 2 years following enrollment. In a second sensitivity analysis, we excluded women in the OS component of WHI, representing 19% of the total study population, because, compared with women in the CT, women in the OS had substantially lower body weight-a factor known to influence insulin and glucose levels.
In addition, we analysed the repeated measurements of insulin, glucose, and HOMA-IR as time-dependent covariates in Cox proportional hazards models (Gail, 1981) . The associations of the average (mean) of the repeated measurements and measurements obtained 1 -3 years, 2 -4 years, and 3 -5 years before the date of diagnosis of the case with risk of colorectal cancer were evaluated. Among cases, levels that were measured within 1 year of diagnosis were excluded from all analyses, since these values may have been influenced by the presence of subclinical disease. All P-values were two-sided.
RESULTS
During a median follow-up period of 11.9 years (0.05 -15.4), a total of 81 colorectal cancer cases were ascertained in the cohort of 4902 non-diabetic women with fasting serum insulin and glucose values at baseline. Sixty-five cases had colon cancer; six had cancer of the rectosigmoid junction; and ten had rectal cancer. In all, 38 cases and 2372 non-cases were not in any of the CT intervention groups.
Compared with non-cases, on average cases were older, less physically active (as reflected by estimated metabolic equivalent tasks per week), and more likely to be non-Hispanic white (Table 1) . In other respects, cases and non-cases were broadly similar.
Baseline serum glucose and insulin levels were modestly correlated (Pearson's correlation coefficient 0.31, Po0.0001) and baseline glucose showed a moderately strong association with HOMA-IR (correlation coefficient 0.49, Po0.0001), whereas insulin was strongly correlated with HOMA-IR (correlation coefficient 0.92, Po0.0001). Although levels of glucose and insulin at follow-up visits were correlated with baseline levels, the strength of these correlations decreased with increasing interval between measurements (data not shown).
In both age-adjusted and multivariable-adjusted analyses, baseline insulin levels and HOMA-IR were not associated with colorectal cancer risk (Table 2 ). However, in the age-and multivariable-adjusted analysis, baseline glucose was positively associated with risk: in the multivariable model, the HR for the highest (X99.5 mg dl À1 ) vs lowest tertile (o89.5 mg dl À1 ) was 1.74, 95% CI 0.97 -3.15, P for trend 0.06. When the HRs for insulin and glucose were mutually adjusted, the HR for highest vs lowest tertile of insulin was 0.88, 95% CI: 0.47-1.65, P for trend 0.70, and that for glucose was 1.72, 95% CI: 0.94 -3.15, P for trend 0.07. The HR per 1 mg dl À1 of glucose was 1.031, 95% CI: 1.009 -1.054, P for trend ¼ 0.0066. When the analysis was restricted to cases of colon cancer (N ¼ 65), HRs for the middle and highest tertiles vs the lowest tertile of glucose were 1.72 (95% CI: 0.85-3.48) and 2.25 (95% CI: 1.12-4.51), respectively, P for trend 0.02, whereas insulin and HOMA-IR were not associated with risk. Further adjustment for total serum cholesterol did not affect the results (data not shown). The HR per 1 mg dl À1 of glucose was 1.034, 95% CI: 1.009 -1.060, P for trend ¼ 0.0066.
The positive association of glucose with colorectal cancer was very similar in high and low BMI groups (X27.76 and ), alcohol intake (drinks per week), physical activity (MET-hours per week), family history of colorectal cancer, ethnicity (white, black, other), and participation in the OS or treatment arm of each clinical trial. o27.76 kg m À2 ): HR per mg dl À1 1.029 (95% CI: 0.997 -1.062, P ¼ 0.08) and 1.031 (95% CI: 1.001 -1.063, P ¼ 0.04), respectively. Similar results were seen for colon cancer. HRs for glucose with colorectal cancer within strata of physical activity (dichotomised at the median of 5.75 MET-hour per week) were 1.039 (95% CI: 1.006 -1.074, P ¼ 0.02) and 1.027 (95% 0.997 -1.057, P ¼ 0.08), respectively. Similar results were seen for colon cancer. Neither insulin nor HOMA-IR was associated with risk.
In analyses excluding cases diagnosed within the first 2 years of follow-up (N ¼ 17), the associations were unchanged: HR of colorectal cancer for the highest vs lowest tertile of glucose was 1.81, 95% CI 0.93 -3.51, P for trend 0.07. In the analysis restricted to women in the CT (10 OS cases excluded), insulin and HOMA-IR showed no association, but the association of glucose with colorectal cancer was strengthened: HRs for intermediate and highest tertiles relative to the lowest: 1.60, 95% CI: 0.82 -3.14, and 2.10, 95% CI: 1.08 -4.06, P for trend 0.03.
In the time-dependent covariates analysis, the average (mean) of the glucose measurements obtained during follow-up until the date of diagnosis of the case (excluding measurements within 1 year of diagnosis for cases) was associated with significantly increased risk of colorectal (76 cases) and colon cancer (61 cases): HR per 1 mg dl À1 of glucose 1.020, 95% CI 1.001 -1.039, P ¼ 0.0384 for colorectal cancer and 1.021 (1.001 -1.042, P ¼ 0.0423 for colon cancer, respectively. The analyses of glucose measured during various time intervals preceding diagnosis of colorectal cancer (1 -3 years; 2 -4 years; 3 -5 years) also showed positive trends but were not statistically significant due to the smaller number of subjects with measurements obtained during these specific periods. As in the baseline analysis, no associations were seen with insulin or HOMA-IR.
DISCUSSION
The results of the present study suggest that baseline fasting serum glucose levels are positively associated with risk of colorectal cancer in postmenopausal women, whereas insulin and HOMA-IR are not associated with risk. The association was not affected by adjustment for insulin level or by the exclusion of cases diagnosed within the first 2 years following enrollment. Baseline glucose appeared to be more strongly associated with colon cancer than with all colorectal cancers. Analyses of the repeated measures obtained during follow-up using time-dependent covariates showed a statistically significant positive association of fasting glucose with colorectal and colon cancer, but power for the timelagged models was diminished due to smaller available sample sizes.
Several previous studies have examined the association of circulating insulin and/or glucose levels with risk of colorectal cancer (Yamada et al, 1998; Schoen et al, 1999; Nilsen and Vatten, 2001; Trevisan et al, 2001; Palmqvist et al, 2003; Saydah et al, 2003; Jee et al, 2005; Tsushima et al, 2005; Limburg et al, 2006; Gunter et al, 2008; Stocks et al, 2011) . Of five studies (Schoen et al, 1999; Palmqvist et al, 2003; Saydah et al, 2003; Limburg et al, 2006; Gunter et al, 2008) with results regarding insulin levels, only one (Schoen et al, 1999) showed evidence of a positive association after adjusting for covariates. Of nine studies that examined blood glucose levels in relation to colorectal cancer risk (Yamada et al, 1998; Schoen et al, 1999; Nilsen and Vatten, 2001; Trevisan et al, 2001; Tsushima et al, 2005; Limburg et al, 2006; Gunter et al, 2008; Stocks et al, 2011) , one found a weak positive association (with insitu carcinoma) (Yamada et al, 1998) , two reported significant positive associations with colorectal cancer (Schoen et al, 1999; Trevisan et al, 2001) , one reported a significant association in females but not in males (Nilsen and Vatten, 2001) , whereas another reported a significant association in males but not in females (Jee et al, 2005) , and four studies found no association (Tsushima et al, 2005; Limburg et al, 2006; Gunter et al, 2008; Stocks et al, 2011) .
Our results from an older population are most similar to those of Schoen et al (1999) , also from an older population, and those of Trevisan et al (2001) , which showed a nearly two-fold increased risk of colorectal cancer for the highest vs lowest quartile of glucose (Schoen et al, 1999) and the highest quartile vs everyone else (Trevisan et al, 2001 ) in men and women combined. Our findings also appear to be consistent with those of Flood et al (2007) , who found that fasting serum insulin and glucose were associated with increased risk of recurrent colorectal adenomas, an established preneoplastic lesion of the colon or rectum. In that study, the association of glucose, but not insulin, was most apparent for advanced adenomas. Furthermore, as in our analysis, previous studies have consistently shown stronger associations of markers of insulin resistance with colon cancer and adenoma compared with rectal cancer and adenoma (Giovannucci, 1995) .
Differences in the results of studies to date may have a variety of explanations, including the unavailability of fasting bloods in some studies (Nilsen and Vatten, 2001; Palmqvist et al, 2003; Saydah et al, 2003; Tsushima et al, 2005) , sample size (54 cases, Trevisan et al, 2001 , to 4695 cases, Stocks et al, 2011) , length of follow-up (3.4 years, Palmqvist et al, 2003 to 19 years Tsushima et al, 2005 , differences in the age and sex distribution and the prevalence of other risk factors among studies, and adjustment for important covariates.
In a previous study conducted within the Women's Health Initiative Observational Study (Gunter et al, 2008) , we showed that serum insulin, waist circumference, and free IGF-1 were each positively associated with colorectal cancer incidence in multivariate models. However, these associations became non-significant when adjusted for one another. Glucose was not associated with risk in that study. However, a number of differences between the earlier study and the present one may help account for the discrepancies in their results. First, the earlier study was a casecohort study conducted in the WHI OS and had a larger sample size (438 colorectal cancer cases) and measured a number of hormones, including insulin, IGF-1, and estradiol. The present study was conducted in the subsample of women whose blood samples at multiple time points had been analysed for a number of 'core analytes,' including insulin and glucose. Women in the latter study were predominantly from the CT (81%). It should be noted that mean weight, BMI, and waist circumference at baseline were markedly greater in CT participants compared with OS participants (76.1 vs 71.7 kg; 28.9 vs 27.3 kg m À2 ; and 88.8 vs 84.8 cmPo0.0001 for all comparisons). The fact that the association of glucose with colorectal cancer was somewhat strengthened when the analysis was restricted to women in the CT is consistent with the possibility that differences between the CT and OS populations may in part account for the differences in results between the two studies.
The attenuation of the initial association with insulin (Gunter et al, 2008) and, in another study, with glucose (Limburg et al, 2006) , when other covariates were controlled for, indicates the difficulty of isolating a single primary factor from a cluster of highly correlated behavioural and metabolic variables, including body mass index, waist circumference, diabetes, physical activity, insulin, glucose, triglycerides, and IGF-1. The existence of a number of correlated factors suggests that it might be more appropriate to examine a cluster of risk factors. Trevisan et al (2001) reported that in a pooling of cohorts from Italy, subjects with relatively high levels of blood glucose and a cluster of metabolic abnormalities linked to insulin resistance experienced an increased risk. The HR for presence of the cluster of metabolic abnormalities (including hypertension, elevated glucose and triglycerides, and low HDL cholesterol) was 2.99, 95% CI 1.27-7.01, compared with 1.80 (1.05 -3.09) for glucose alone. In general, studies which have examined the association of the metabolic syndrome, using a variety of definitions, with risk of colorectal cancer and adenoma have reported evidence of a positive association, and the consistency of the findings has been judged 'remarkable' (Giovannucci, 1995) .
While insulin resistance is generally believed to be the underlying factor accounting for the associations of adiposity, physical inactivity, and metabolic variables with colorectal cancer, the biological mechanism involved is unknown (McKeown-Eyssen, 1994; Giovannucci, 1995; Strickler et al, 2001) . Elevated levels of triglycerides, insulin, glucose, and IGF-1 have all been suggested as contributing to the association of the metabolic syndrome with increased risk of colorectal cancer (McKeown-Eyssen, 1994; Giovannucci, 1995) . Although it is difficult to tease apart the contributions of these highly correlated factors, Giovannucci (1995) has argued that epidemiologic and animal experimental evidence point to a primary direct role of hyperinsulinaemia, rather than hyperglycaemia or other aspects of the insulin resistance syndrome in the development of colorectal cancer. However, we note that to date the epidemiologic evidence for a positive association of both fasting insulin and glucose with colorectal cancer risk in menopausal women is weak, but that for glucose may be somewhat stronger.
The present study benefited from the availability of repeated measurements of serum insulin and glucose over 12 years of follow-up. With one exception (Stocks et al, 2010) , previous studies of the association of insulin and glucose with colorectal cancer risk have included only baseline measurements. Our timedependent covariate analysis supported the existence of a statistically significant positive association with average glucose level during follow-up. Similar trends were observed when analysing measurements obtained during various time windows before the date of diagnosis of the cases, although the results were not statistically significant. Moreover, few studies have analysed HOMA-IR, a more direct measure of insulin resistance, which can only be computed using fasting insulin and glucose values, and which has been shown to reflect insulin resistance assessed by the euglycaemic clamp more accurately than fasting insulin alone (Ikeda et al, 2001) . Other strengths of the present study include the central adjudication of diagnoses of colorectal cancer in WHI; the negligible loss to follow-up; and the availability of information on a wide range of potential confounding variables. A major limitation of our study is the relatively small number of cases, which limited our ability to examine associations with insulin and glucose by subsite within the colorectum, within strata of potential effect modifiers (e.g., age, body mass index and use of exogenous hormones), and in the time-dependent covariates analysis.
In conclusion, in this cohort study of postmenopausal women, elevated fasting serum glucose, but not insulin or HOMA-IR, was associated with roughly a two-fold increased risk of colorectal cancer. This association was robust and was not affected by adjustment for insulin or by exclusion of cases diagnosed in the first 2 years following enrollment. In time-dependent covariate analyses, trends using the average of all measurements showed a statistically significant positive association of glucose with colorectal and colon cancer risk. Our findings, together with those of several previous studies, suggest that insulin resistance may be related to increased risk of colorectal cancer, though the specific biologic mechanism remains to be elucidated.
